Due to the remarkable properties and versatile functionalities, semiconductor nanowires render a new class of nanoscale building blocks for a broad range of disciplines, such as quantum electronics, sensors, energy storage, or biotechnology. They receive ever growing interest of the scientific community. In particular, nanowires based on InSb are considered promising for nano-electronic device applications due to their high-speed performance and low dynamic power dissipation compared to standard Si technology. 1, 2 Furthermore, InSb nanowires are also very interesting for spin-electronics and spin-based quantum information technology, owing to the fact that bulk InSb has a narrow band gap of 0.16 eV, an extremely high electron mobility, and strong spin-orbit coupling. 3, 4 Very recently, InSb nanowires were even used for experiments dedicated to confirm the existence of Majorana fermions. 5 Although there have been a number of reports on experimental investigations of InSb nanostructures, [6] [7] [8] [9] [10] [11] [12] there is still much uncertainty on the fundamental electrical transport properties. An interesting question is whether an electron accumulation layer exists at the surface of the InSb nanowire due to Fermi level pinning in the conduction band, as found in InSb layer system. 13 Thus, it is important to distinguish the surface and bulk contributions to the conduction. Furthermore, it is essential to determine the electron transport mechanisms, whether phase-coherence comes into play. Low temperature transport measurements at different magnetic fields and transverse electric fields would clarify the physical concept of electron conduction.
The InSb nanowires investigated in this study are grown by a catalytic chemical vapor deposition method. The nanowires exhibit a single crystalline zinc blende structure with a stoichiometry of 1:1. Details on the growth and material characteristics are given in Ref. 8 . To probe the electron transport properties, the InSb nanowires are transferred from the original Si growth substrate to a highly n-doped Si (100) wafer coated with a 100 nm thick SiO 2 insulating layer. The SiO 2 =Si substrate has pre-patterned alignment markers which are used to determine the coordinates of the randomly dispersed nanowires for electrode patterning using electron beam lithography. In order to achieve good ohmic contacts between the metal electrodes and the nanowires, Ar þ sputtering is used to remove the native oxide and contaminations on the surface of InSb nanowires. Then, each nanowire is contacted with four Ti/Au electrodes. Figure 2 (inset) shows a scanning electron microscopy image of a typical contacted nanowire with a diameter of 28 nm. All our data result from four-terminal measurements, in order to analyze the intrinsic electrical transport properties. The highly conductive Si substrate is used as a back-gate electrode for field-effect transistor measurements. The low-temperature measurements are carried out in a He-4 flow cryostat with a temperature ranging from 4.2 to 300 K and subsequently in a He-3 cryostat for lower temperatures between 0.3 and 25 K.
In order to distinguish between bulk and surface conduction, the diameter dependence of the conductance is analyzed for a number of samples at room temperature. [14] [15] [16] In Fig. 1 , the normalized conductance g ¼ L/R is plotted as a function of diameter d. Here, R is the nanowire resistance and L the contact separation. In the inset of Fig. 1 , g vs. d is plotted on a double logarithmic scale. One finds a linear increase, which can be expressed by g / d b with b % 2:1. Since the value of b is very close to the value of b ¼ 2 for a three dimensional (3D) conductor, we can conclude that the transport dominates in the bulk of the nanowire. Furthermore, no major surface conductance contribution is present, since in this case a slope smaller than 2 is expected, with b ¼ 1 for a pure surface conductance. On average, the resistivity q of the InSb nanowires is ð0:01060:005ÞX cm. only as a representative, since additional nanowires investigated confirmed the findings. All curves shown in Fig. 2 exhibit a linear dependence, which indicates good ohmic contacts between the drain and source electrodes and the nanowire. The InSb nanowire shows n-type behavior as the conductance decreases with decreasing gate voltage. However, no complete suppression of the drain current is achieved within the instrument limit (here V g ¼ À40 V), probably due to a large electron concentration forming a degenerate electron system as well as the electronic states at the nanowire/dielectric interface. 17 From previous measurements on nanowires of the same growth run an electron concentration of 1:6 Â 10 18 cm À3 was determined, 8 which is well above the limit (% 10 17 cm À3 ) for the formation of a degenerate electron system in InSb. From all three curves plotted in the lower inset of Fig. 2 , a threshold voltage of V th ¼ ð5565ÞV is obtained from the extrapolation of the I d ÀV g curve to the V g axis. Note that the source-drain bias voltage is kept at a low value of 20 mV, in order to prevent any heating effect in the nanowire. The fact that the threshold voltage does not change when the temperature decreases indicates that the electron concentration remains constant, as it is expected for a degenerate electron gas.
In order to elucidate the conduction mechanisms in our nanowires in more detail, the temperature-dependence of the conductance G is investigated, as shown in Fig. 3 . It increases with increasing temperature up to a transition point of around 200 K exhibiting semiconductor-like behavior. Above 200 K a decrease of G according to T À0:4 is found, which is due to electron-phonon scattering. Overall, the temperature dependence of G is weak, which can be explained by the fact that the electron gas in the nanowire is degenerate. Since the electron concentration is basically constant in the whole temperature range, the temperature-dependence of the mobility is expected to follow the dependence of G.
In Fig. 2 (lower inset), it can be seen that at low temperature, I d is modulated when the gate voltage is varied. In order to investigate this phenomenon in more details, the conductance G is measured as a function of V g in the temperature range of 0.5 to 10 K. As can be seen in Fig. 4(a) , for temperatures below 2.6 K pronounced conductance fluctuations are observed. For larger temperatures, these fluctuations are effectively damped with increasing temperature. The observed fluctuations are attributed to universal conductance fluctations. 18, 19 This effect originates from electron interference which is not averaged out in small disordered samples. Under ideal conditions, when phase-coherence is maintained in the complete sample, i.e., the phase-coherence length l / exceeds L, the average fluctuation amplitude is found to be ae 2 =h, with a a pre-factor in the order of 1 depending on the shape of the sample. 19 For InAs nanowires, a % 0:3 was determined. 20 In the case when l / is smaller than the sample dimension or if thermal averaging occurs, the fluctuation amplitude is reduced. In the measurements shown in Fig. 4(a) , the electron interference is modified by tuning the Fermi wavelength by The mean conductance fluctuation amplitude is quantified by the root-mean-square rmsðGÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi varðGÞ p over V g . Here, the variance of G is defined by varðGÞ ¼ hdG 2 i V g , with h…i V g representing the average of the conductance fluctuations over the back-gate voltage. In Fig. 5 , rms(G) is plotted as a function of temperature. As can be seen here, when the temperature is below about 1.9 K, rms(G) is basically constant with a value of about 0:11e 2 =h, which is somewhat smaller than the value of 0:3e 2 =h for InAs nanowires. 20 The almost constant fluctuation amplitude below 1.9 K indicates that in this temperature range, the phase coherence is limited by the sample dimensions, i.e., the contact separation L ¼ 260 nm, instead of by l / . 20 Thus in this regime, l / exceeds 260 nm. For temperatures above 1.9 K, rms(G) decreases proportionally to T À1:05 . This decrease is larger than it is expected for electron-electron scattering limited dephasing, where a dependence of rms(G) proportional to T À1=2 is predicted. 21 We attribute the strong temperature dependence to the additional contribution of thermal averaging. 19 In fact, at 1.9 K we estimate a thermal length
, with D ¼ 3 Â 10 À3 m 2 =s being the diffusion constant, of about 110 nm being comparable to L. 8 This confirms the strong contribution of thermal averaging on the temperature dependence of the fluctuation amplitude.
The phase-coherence length l / can be determined from the correlation voltage V c , which is defined by F V g ðV c Þ ¼ 1 2 F V g ð0Þ with the autocorrelation function given by F V g ðDV g Þ ¼ hdGðV g þ DV g ÞdGðV g Þi V g . 19 As described by Petersen et al., 22 l / is directly connected to the correlation voltage:
, with c depending on D and the electron concentration. 22 The resulting phase-coherence length l / as a function of temperature is plotted in Fig. 5 (inset). For temperatures below 1.9 K, we find a value of l / around 100 nm. Keeping in mind that for the value of D only a relatively rough estimate is available, the value of l / determined here is nonetheless on the same order of magnitude with the values given above.
In summary, InSb nanowire back-gate field-effect transistors have been fabricated and characterized. By comparing InSb nanowires with various diameters, we conclude that bulk transport dominates. Owing to the large electron concentration and the interface states, only a weak modulation of the nanowire resistance with back-gate voltage is achieved. This demonstrates that a metal-like degenerate electron gas exists in the nanowires, which is supported by the weak temperature dependence of the nanowire conductance. The appearance of universal conductance fluctuations at low temperatures confirms the presence of electron interference. For future investigations it could be important to control the doping in the nanowire, in order to achieve a better gate control. In addition, special attention should be devoted to the nanowire/dielectric interface. In this respect, it might be advantageous to cover the InSb nanowire by a semiconducting shell with a larger bandgap. 23 The observation that phase-coherent transport is observed at low temperatures opens up the possibility to employ interference effects for InSb nanowire-based quantum electronics. 
